Each year, crowd disasters happen in different areas of the world. How and why do such disasters happen? Are the fatalities caused by relentless behavior of people or a psychological state of panic that makes the crowd 'go mad'? Or are they a tragic consequence of a breakdown of coordination? These and other questions are addressed, based on a qualitative analysis of publicly available videos and materials, which document the planning and organization of the Love Parade in Duisburg, Germany, and the crowd disaster on July 24, 2010. Our analysis reveals a number of misunderstandings that have widely spread. We also provide a new perspective on concepts such as 'intentional pushing' , 'mass panic' , 'stampede' , and 'crowd crushes' . The focus of our analysis is on the contributing causal factors and their mutual interdependencies, not on legal issues or the judgment of personal or institutional responsibilities. Video recordings show that people stumbled and piled up due to a 'domino effect' , resulting from a phenomenon called 'crowd turbulence' or 'crowd quake' . Crowd quakes are a typical reason for crowd disasters, to be distinguished from crowd disasters resulting from 'mass panic' or 'crowd crushes' . In Duisburg, crowd turbulence was the consequence of amplifying feedback and cascading effects, which are typical for systemic instabilities. Accordingly, things can go terribly wrong in spite of no bad intentions from anyone. Comparing the incident in Duisburg with others, we give recommendations to help prevent future crowd disasters. In particular, we introduce a new scale to assess the criticality of conditions in the crowd. This may allow preventative measures to be taken earlier on. Furthermore, we discuss the merits and limitations of citizen science for public investigation, considering that today, almost every event is recorded and reflected in the World Wide Web.
Introduction
Crowd disasters are known since at least the Roman Empire. As a consequence, building codes for stadia were developed. The Coliseum in Rome, Italy, which is considered to be one of the seven world wonders, is probably the best known example of Roman building experience. While it could take up between , and , visitors, it had more than  numbered entrances, and visitors exited through the same gate through which they had entered. In fact, exits were located side by side, around the entire circumference of the Coliseum. As a consequence, the Coliseum could be evacuated within just about  minutes, an efficiency that is not even reached by modern stadia due to their smaller number of exits. http://www.epjdatascience.com/content/1/1/7
Overview of the situation
The following section will try to give a short overview of the situation during the Love Parade in Duisburg and the planning beforehand. A large number of documents are now publicly available (see collection of links).  This includes the planning documents,  the event log of the regulatory authority of the city of Duisburg,  and the evacuation analysis.  Publicly accessible materials and eye witness reports now amount to several hundred pages  and more than  video recordings.  This useful collection of materials is the result of the efforts of many volunteers. It is certainly not possible (but also not the purpose) of this article to give a complete representation of materials. We will rather focus http://www.epjdatascience.com/content/1/1/7 on the most relevant details in order to avoid a distraction of the reader from the main factors that have contributed to the disaster.
The interested reader is invited to gain a more complete picture himself or herself, based on the media reports provided ,, and of several TV channels. ,, The view of the organizer is presented in a video documentation.  Further video documentations are available from private persons. ,,, An interpretation of the events, overlaid to a satellite picture, can be found on YouTube.  In order to make an independent assessment possible, our own analysis will largely refer to authentic materials that are publicly accessible. Videos of a subset of surveillance cameras are available until :.  Timelines can be found in the endnotes. ,, Complementary to this article, we provide a time-ordered and geo-located collection of videos from visitors of the Love Parade.  A YouTube channel with videos of the Love Parade exists as well.  The collection  contains further videos. Many of these videos have been synchronized, , and some of them have been cut together in the form of multi-view videos documenting the course of events.  A set of highly relevant private videos around the time of the disaster can be found on YouTube. ,,,,,,,,,, Note that, when referring to secondary sources (such as public media reports), we will sometimes use wordings such as 'apparently' or 'seems to' , in order to indicate that access to primary sources would be desirable for an in-depth analysis.
History of the Love Parade
The Love Parade is a popular electronic dance music festival in Germany that was first organized in Berlin in , and annually repeated in the same city until . The events in  and  had to be cancelled because of funding problems and a coordinated opposition of political parties (e.g. related to the waste resulting from the event).  In , the parade made a comeback with the support of a fitness studio. The Love Parade in summer  was again planned for Berlin, but the event was cancelled, since the Senate of Berlin did not issue the necessary permits on time. After negotiations with several German cities, it was then decided to move the Love Parade to the Ruhr Area, an agglomerate of major German cities, in the next years. The first of these events took place in Essen on August , , with . million visitors. In July , it was organized in Dortmund. The  event, planned for Bochum, was cancelled due to security concerns, particularly as a critical situation had apparently occurred the year before.  The last Love Parade took place on July , , in Duisburg, where  people died and more than  were injured in a crowd disaster. The chain of events underlying this disaster will be analyzed in the following sections.
Description of the festival area
The festival area of the Love Parade in  was approximately , square meters large  and located in the area of a previous freight station of the city of Duisburg. For a  degree view of the festival area and its surroundings see the endnotes.  In contrast to the open area concept of the Love Parade in Berlin (see the picture in the endnotes),  the annual Carnival in Cologne, and the th World Youth Day gathering with the Catholic Pope in  in Cologne-Marienfeld, Germany,  the festival area was constrained by railway tracks on the East and by a freeway on the West. In response to concerns from http://www.epjdatascience.com/content/1/1/7 the regulatory authority that the area would be too small for the expected number of up to . million expected visitors,  the city of Duisburg combined its late approval of the event with the condition to restrict the number of concurrent visitors to ,.
To overcome security issues seen by the regulatory authority (there was some discussion to cancel the event overall), the organizer of the Love Parade decided to fence the whole festival area. This moved the responsibility to the building regulatory agency  and required the event to satisfy the 'Versammlungsstättenverordnung' ,  which is the German safety regulation for the organization of mass events. However, there were still concerns that the standard safety requirements would not be met. It is conceivable that these concerns were not fully considered due to a desire to approve the event,  particularly as Duisburg was nominated as Germany's 'cultural capital' of the year, and the opinion prevailed that the Love Parade would make the cultural program and the city more attractive.  To overcome the concerns, an expert opinion was requested from a prominent crowd researcher. The report argued that the festival area could be sufficiently well evacuated in an emergency situation.  However, the study did not analyze normal entry and exit conditions in detail. Figure  gives an overview of the festival area. It shows that the festival area could be entered only via a tunnel, 'Karl-Lehr-Straße' , which also served as the only exit from the area. In the middle of that tunnel, there is the main ramp that leads to the festival area. The tunnel and the ramp together determine an inverse T-shaped geometry of in-and outflows. A side ramp in the West (' Am Güterbahnhof ') was assigned as an additional exit ramp,  but basically not used. The smallest overall diameter of the tunnels in the East and in the West was about  meters.  The ramp itself was  meters wide and  meters long.  Based on the maximum flow value of . persons per meter per second [] , this would imply a hypothetical maximum flow of , persons per hour and a density of . persons per square meter, if the entire ramp width was usable. However, the actual capacity was significantly lower than this due to the following factors (see also Sec. .):
 The maximum possible flow is inconvenient and potentially unsafe, and therefore not suited as a basis for planning [, -].  Counterflows are expected to reduce the capacity by -% [], resulting in a maximum hypothetical flow of , persons per hour.  The  degree turn to and from the tunnels is expected to reduce the capacity as well.  Walking in groups reduces the capacity further [] .  Alcohol and drugs are expected to have a negative impact on capacity as well.  A considerable amount of capacity must have been lost due to fences,  a food stand,  and vehicles on the side of the ramp.  The flow model of the organizer assumed numbers in Table  .  According to Table  , between : and : the organizers expected an inflow of , and an outflow of , people, which could not have been handled by the wide ramp without the use of suitable crowd control. Problems had to be expected already for much smaller flow rates, as there were vehicles and a food stand as well as fences on the ramp, which must have reduced its capacity considerably. This risk factor certainly had to be carefully considered by the crowd management concept. In fact, the side ramp (see Figure  ) was attributed as an additional exit ramp, and the organizational concept foresaw the possibility to reduce the visitor flows through 'isolating devices' (access control http://www.epjdatascience.com/content/1/1/7
Figure 1
Illustration of the festival area and the ways to and from the area. Camera positions are shown as well as locations and events that are relevant for the analysis of this study. Note that the indicated timing of the police cordons (as reconstructed from video recordings) slightly differs from the police report, 6 but the differences are small. points), which were located in front of the tunnel entrances.  Despite this, access control was given up intermittently because of the large pressure from incoming visitors (see the endnote  and Tables  to ). The festival area itself was apparently not overcrowded (see caption of Table  and aerial photographs). , So, why and how did the crowd disaster happen in the inverse T-section formed by the tunnel and the ramp, even though the visitor flows were apparently smaller than expected (see Table  ) and a more than , people strong police force was on duty? To address this question, we will first present an expert opinion on the crowd disaster. Then, we will summarize the course of events, and analyze the contributing factors in more detail.
Expert report by Prof. Dr. G. Keith Still
An expert report dated December , , which became public in February ,  analyzes the implications of the flow model presented in Table  . In the following, we summarize the essence of this report in our own words: http://www.epjdatascience.com/content/1/1/7 Based on these values, the maximum number of visitors on the festival area was expected to be 235,000 (while a capacity of 250,000 was approved and more than 1 million visitors were expected, according to announcements before and during the event). 60 Estimates based on surveillance videos of camera 13 suggest that the actual flows were considerably below the values in the above  Safe crowd conditions can be usually assumed for densities up to - persons per meter and minute and a maximum acceptable flow of  persons per meter and minute (which is considerably below the maximum possible flow) [].  All areas, in which higher crowd densities may occur or where many people may accumulate, must be analyzed for risks.  The safety concept must list those risks and also, who is responsible to handle them.
The organizational structure (in particular, who takes what kinds of decisions) must be fixed before the event. Particular attention must be paid to crowd management and communication (loud speakers, signs, maps and other plans).  All authorities involved in the organization of the event are responsible for the safety of the crowd. The division of responsibility should be regulated in the concept of the event. A mass event should not be approved, if it does not satisfy the applicable safety regulations.  The reason for most crowd disasters in the past was a failure to regulate the flow of people in high throughput areas.  The organization of an event needs plans for normal operation, but also contingency plans for all kinds of incidents.  There are basically three ways of influencing the safety of crowds: design, information, and crowd management.  At the Love Parade in Duisburg, the capacity of the main ramp to and from the festival area was given by the minimum usable width of the ramp. Due to two triangular fence structures, , which were apparently not shown in the maps, the effective width of the ramp was only . meters. According to the expert report, this implies a maximum safe flow of . meters ×  persons per meter and minute ×  minutes = , persons per hour. However, the maximum expected flow between : and : was , persons per hour, which would require a width of . meters. Therefore, at the Love Parade in Duisburg, problems with the in-and outflows and a critical accumulation of people had to be expected.  Once the crowd density exceeds between  or  persons per square meter, congestion can build up quickly, which implies high risks for people to stumble or fall (particularly if the ground is uneven). Therefore, injuries can easily happen.  People in a dense crowd cannot see what happens a few meters away from them, and they are not aware of the pressure in front. http://www.epjdatascience.com/content/1/1/7  The density, noise, and chaos in a dense crowd cause a natural desire to leave the crowd. Due to a lack of suitable crowd control and guidance, visitors of the Love Parade in Duisburg could only see a narrow staircase as a possible emergency exit (see Figure ) . When trying to get there, the pressure towards the staircase increased and eventually triggered the crowd disaster. The analysis of the effective capacity of the main ramp suggests that problems on the ramp were foreseeable, and the question arises, why the obstacles were placed there. However, a complete assessment should also consider the existence of the side ramp (see Figure ) . Moreover, due to the applied access control, the flows on the main ramp did not reach the expected flows by far. This can be directly concluded from the fact that there was never any significant congestion between the two triangular obstacles defining the narrowest part of the ramp, before the flow was controlled in this area from : on; this is clearly visible in the surveillance videos.  An active bottleneck, in contrast, would be characterized by the formation of a queue [] .
Queues of people did not form in the middle of the ramp, but rather at the upper end, where visitors were trying to enter the festival area. This, however, is not the location where the crowd disaster happened. Therefore, while one had to expect problems in the middle of the ramp where the triangular obstacles were located, the crowd disaster was actually not caused by those obstacles. The course of events that resulted in the crowd disaster involved many contributing factors, as we will show in the following. This conclusion of our study is in line with a quote referring to the Hillsborough disaster of , which apparently goes back to the Archbishop of York and can be found in Keith Still's PhD thesis:  'Events of the magnitude of Hillsborough don't usually happen just for one single reason, nor is it usually possible to pin the blame on one single scapegoat. . . . Disasters happen because a whole series of mistakes, misjudgements and mischance happen to come together in a deadly combinations' . This should be kept in mind when Keith Still's expert report on the crowd disaster in Duisburg points out that it is merely based on the evidence presented to him and that it answers only the questions posed to him.
Timeline
The chronology presented in Table  is an abbreviated version of the timeline that was originally provided by the organizers of the Love Parade together with their documentary movie.  It is largely supported by the surveillance videos  and other public sources. Additional points will be discussed afterwards.
The video recordings of the surveillance cameras and the related chronology, which were publicly provided by the organizer, end at : ('in respect of the victims'). Tables  and  present additional information that is relevant for a reconstruction of the causes of the crowd disaster. A time-ordered, geo-coded video link collection supplementing this paper allows the readers to gain an independent impression.  However, we would like to point out that the times provided on the videos or in the respective video portal may not always be exact. A synchronized video collection is now also available. 
Contributing factors
After the occurrence of a disaster, it is natural to ask, who is responsible. In many cases, people are trying to find one person or organization (the 'scapegoat') to blame. In fact, http://www.epjdatascience.com/content/1/1/7 The festival area is opened. Visitors can enter the area via the access control points from East and West via the tunnel.
13:00
The inflow is reduced by closing 10 of 16 isolating devices, both on the East and West entrance towards the tunnel. 13:45-14:15 No important disturbances or queues of visitor flows occur in the entry area. Around 14:00
Official start of the Love Parade. 14 :15-14:30 The concentration of visitors increases at the end of the entrance ramp towards the festival area (due to obstructions by 'floats' , i.e. moving music trucks). 14 :30-15:15 The crowd manager tries to order support by the police. The organizer states that the person responsible for connecting to the police (the 'liaison officer') did not have a working walkie talkie or mobile phone. 14:30-15:06
The visitor flow on the ramp and from the West increases. Around 15:00
Reduction of the visitor flow by closing as many isolating devices as possible. 15:12-15:34 Change of police shifts. 63 5 police cars drive into the ramp area.
15:31
Visitors ignore the fence on the side of the main ramp, following police forces, who have temporarily opened it. Shortly later, visitors overcome fences also on the other side of the ramp, which should prevent them from taking the steep slope up to the festival area.
15:50
A first chain of police forces (police cordon) is formed in front of the side ramp, blocking in-and outflows in the West (see cordon 1a in Figure 1 ). 64 15:50-15:57
A second police cordon closes the tunnel to the East (see cordon 2 in Figure 1 ). Around 16:02
There is a sudden strong visitor flow towards the festival area from the West. The first police cordon is moved behind the side ramp (see cordon 1b in Figure 1 ). From 16:02
Police forces start to control the flows to (and from) the festival area in the middle of the ramp (where the ramp is narrowest due to some fences). 65 Queues start to form on both sides of the resulting bottleneck. 66 
Around 16:06
There are just a few visitors between the three police cordons. Around 16:07
A jam of visitors forms in the West part of the tunnel. Around 16:09 A jam of visitors forms above the chain of police forces on the ramp, when trying to exit the festival area. 16:12-16:28
The third police cordon is completed (see cordon 3 in Figure 1 ). It stops the in-and outflows completely, where the fences narrow down the ramp. Around 16:13
The small ramp is opened as entrance to the festival area. Visitors climb over fences. Around 16:14
The second police cordon in the East opens up, and visitors enter the area of the big ramp from below. 67 Around 16:17
First visitors try to enter the festival area via a narrow staircase connecting the lower part of the ramp with the festival area on top. 68 Afterwards, the staircase is blocked by two security people. 69 Around 16:21
The first police cordon in the West dissolves. 19, 70 The previously waiting visitors move towards the ramp and encounter there the dense flow of visitors coming from the East.
16:22
First people climb the pole. 19,71 16:22-16:24 The third police cordon still keeps the ramp closed, while the pressure increases from both sides (i.e. inflow and outflow). 16:24-16:28
The third police cordon is dissolved. 72 
Around 16:27
The narrow staircase is used by people to get up to the festival area. 73 Someone climbs on top of a traffic sign. 74 16:31-16:37
A fourth police cordon is formed in the upper area of the ramp. 75 At the same time, the density in the lower area of the ramp increases steadily. After 16:40
The situation gets out of control. More and more visitors try to get up to the festival area via the small staircase, the pole and a container (used by the crowd management, located at the lower end of the ramp in the South).
after the Love Parade disaster, it seems that everybody was blaming everybody else: the visitors, the organizers, the police, the city of Duisburg. What makes things difficult is that nobody is totally right and nobody is totally wrong: in the following, we will argue that it is the interaction of many contributing factors that caused the crowd disaster. Before we discuss the interaction of these factors, however, let us shed more light on some of them in separation. While doing so, we will address a number of hypotheses regarding the cause of the crowd disaster, which have been formulated after the event. Given the many victims and pictures reminding of a war zone, some people first thought that a terrorist attack http://www.epjdatascience.com/content/1/1/7 The construction work (leveling work) of a bulldozer on the festival ground takes longer than planned and delays the opening of the festival for approximately one hour. 21 
13:33
20,000 techno fans are waiting in the West and are creating a lot of pressure to get in. 21,76 13:44 The police are worried that the access point may be overrun. 21 
Around 14:00
A police officer asks the crowd management to make a loudspeaker announcement, but this cannot be done, because there is no working loudspeaker equipment despite requirements to have one. 21 
After 14:03
Visitors are obstructed by floats (music trucks), while trying to enter the festival area from the ramp. 21,77 14:42 The obstruction by the floats on the festival area causes a jam of arriving visitors on the ramp almost up to the tunnel. 21 
14:52
For some time, it is not possible to enter the festival area from the ramp. 19 
15:06
The minister of interior visits the crisis management team. 19 
15:30-18:00
Mobile phones do not work due to an overload of the mobile phone networks. 21 
From 15:31
Visitors start to climb the slope in the West of the main ramp and one minute later in the East to get to the festival area. 78 Around 16:00
Turmoil and critical crowd conditions occur in front of the access points. A policeman instructs the crowd management to open the access point in the West. 21 The access point in the East is intermittently opened to reduce the pressure in the crowd. 21 
16:31
A fence at the West side of the tunnel is opened to allow an emergency vehicle to enter. Hundreds of visitors make use of the occurring gap to enter the tunnel. 6 Around 16 :30 Visitors overcome fences in the tunnel. 79 16:35-16:43 People scream for help and shout at others they should hurry up; some seem to panic, but others try to calm them down; the situation changes quickly: people change between screaming and laughing; some people manage to climb the staircase, but there is still no continuous flow of people on the staircase. 80 People scream they are about to die. 81 The traffic sign is already bent. 82 People shout from above that those on the narrow staircase should move on. 83 
Around 16:36
Crowd turbulence and critical situation around the pole. 84 Starting 16:38 Police are limiting the number of people on the staircase (usually 2 or 3 at a time), but make sure that people do not stop on the staircase. 85 Around 16: 40 An unconscious women is passed on to the narrow staircase and elevated up. 86 A sparse, slowly moving crowd in the tunnel moves towards the festival area. 87 Starting approx. 16:40 Police cars in the city make loudspeaker announcements that the festival area is completely full and will not be accessible to further visitors anymore until the end of the day. 88 
Around 16:44
Some people climb a pole and the narrow staircase next to the ramp (see Figure 1 ). Several people try to elevate themselves from the crowd by climbing a billboard. Many seem to be in trouble between the staircase and the tunnel. 89 
16:47
Interview with the Love Parade organizer, who does not seem to be aware how critical the situation is. 60 
Around 16:48
A command is given to stop inflows to the tunnel and the ramp area completely. It is executed within minutes. 21 Sound of police sirens; some people have fallen to the ground and raise their hands into the air for help. 90 
Around 16:50
An emergency vehicle is entering the ramp area through the tunnel and opens its sliding door. An interaction between the crowd and people in the emergency vehicle takes place. The trouble between the staircase and tunnel is becoming more and more serious. 91 A video from the West looking down on the crowd shows shockwaves in the crowd. Police forces are having a hard time holding a fence back at the container, which is used by the crowd management. 92
with explosives had happened.  Others claimed that the fatalities resulted, because some people had fallen on top of others when unsuccessfully trying to climb the stairs from the side or the billboard (see Figure  ).  And again others were blaming the crowd for the outbreak of a 'mass panic' (stampede)  or at least some people for improper behavior. 
The first hypothesis was obviously not true. But what about the others? http://www.epjdatascience.com/content/1/1/7 The emergency vehicle stops in the middle of the crowd. Strong shock waves occur all over the crowd and push people to the ground between tunnel and staircase. 93 Arms are lifted up and people are screaming. A group of people is aggressively pushing their way towards the tunnel (see endnote 93 between minutes 1:28 and 1:35). Some people are crawling on top of others to get towards the staircase. A helicopter flies overhead. Someone fixes a rope above the tunnel to allow people to climb up. 93,94 16:54-17:03 Some people get pulled up to the narrow staircase. A ladder is lowered down to the container at the South end of the ramp, and a woman, who seems to be hurt, is lying down on the container. 95 A view from the tunnel shows some people climbing up over the container, also with the help of ropes. It seems that people in the tunnel behind are still reasonably fine. Some of them appear to be dancing. 106 Starting 17:05
More people are able to get up via the staircase. The density in the ramp area is reduced, and the police are turning around some people at the back of the crowd, who are still trying to get to the stairs. 107 Starting 17:05
A crowd of people has fallen in front of the stairs, raising their arms up. Some rescue workers and festival attendees are pulling people out. One policeman tries to hold back the crowd. An emergency vehicle is guided to the ramp area by the police, coming from the East tunnel. 108 Starting 17:07
The stairs are still crowded. Someone is shouting for help by the police. Some policemen on the stairs help people up. 109 Starting 17:08
Someone is yelling at the police. 110 People are pulled out of the fallen crowd, and some receive first aid. The crowd below the staircase seems 'cleared' by the end of the video, and there is a considerable amount of police and rescue forces. 111 Starting 17:08
People can be seen lying on top of each other. The situation is still crowded, but the density eventually reduces. 112 Starting 17:09
The situation continues to be crowded, but people are starting to move more smoothly up the stairs. The area around the fallen people empties. 113 
17:15
The operation room of the city of Duisburg does not seem to be aware of the critical situation. It still calls the Love Parade a big success. 114 
Starting 17:16
The situation on the ramp has cleared up, but the group of fallen people still seems to be without professional help. A rescue crew appears in the South-West corner. A person is lying unconsciously on the ground. Many people try to resuscitate others. Fallen visitors are pulled out of the pile of people. 115 Around 17:20
The crowd has mostly dissolved. Fire and ambulance cars are parked in the South of the ramp. A woman tries to provide first aid to a man in the South-West corner. At least 2 other people provide first aid to people on the ground. 116 Around 18:00
It is decided not to terminate the Love Parade to avoid further critical situations (by evacuating the festival area too quickly). 6, 19, 117 
Did the crowd panic?
When talking about crowd disasters, public media often use the term 'mass panic' , which suggests the occurrence of a stampede as reason of the disaster (see endnote  and also the name of the link in endnote  ). This suggests that crowd disasters happen, because the crowd 'goes mad' [] . There certainly exist some instances of this kind (such as the http://www.epjdatascience.com/content/1/1/7 stampede in Baghdad on August , , due to spreading rumors of an imminent suicide bombing in the crowd,  or the stampede in a Chicago night club triggered by rumors of a poisonous gas attack).  However, the hypothesis of a 'psychological state of panic' as reason of crowd disasters has been questioned many times [, ].
What evidence do we have for the Love Parade disaster in Duisburg? Has the crowd 'gone mad' because of influence of alcohol and drugs or because of impatience to get on the festival area? At first sight, one may think so, given that a number of visitors climbed over fences, up the pole, and on the container to reach the festival area. However, as we will see, these activities started at a time when people on the ramp were already exposed to crowded conditions. Let us discuss this in more detail. The first problems with visitors overcoming fences were reported around :.  However, there were reports as early as : (see Table  ), which show that people waiting for access had difficulties to breathe and asked to open the emergency exits (which did not happen).  These problems demonstrate that the access capacity was far below demand.
Problems related to queues of people aggravate when queues are long and broad, so that little or no progress is visible. In such situations, people will subconsciously reduce their distance eventually. Although the reduction of distance might be negligible, the socalled 'queuing effect' will create the impression of progress. However, it will also cause a compression of the crowd []. When the distance is small, there will be inadvertent body contacts, which can add up and cause unintentional pushing. Note that the transition from an acceptable situation with rare body contacts to a stressful situation with frequent contacts can happen quite abruptly, i.e. the people in the crowd, security forces and police might not expect this sudden transition [] . People may interpret the situation as intentional pushing, which may trigger stress and aggression. At a certain density, it may also be required to push others away in order to be able to breathe [] .  If people have to wait long and are not informed about the reasons for this, they will become impatient and may eventually start to push intentionally (because they assume that progress can be accelerated). While most impatient pushing happens in the middle of the queue, the situation usually becomes most critical at the front of the queue (but the people who push cannot see this, and they experience much less crowded conditions).
The situation is particularly bad behind bottlenecks. These can create 'traps' without any possibility to escape. Such situations must generally be avoided. This also means that flow control is not a solution for every problem. It requires suitable designs and an adaptive operation.
According to our assessment, it had to be expected that the access points would have to be opened and fences would eventually be overcome, given that the festival area and the inflow capacity were small (in particular as the access was delayed by leveling works). Waiting times often amounted to several hours, and access to entertainment, food, water, and toilets must have been quite limited outside the festival area.
Nevertheless, the problems on the ramp were even more serious than at the access points. They were related to the low inflow to the festival area (see Table  ). An analysis of surveillance videos suggests that the floats (i.e. the moving music trucks) 'pulled' visitors along with them, as expected by the planners, but this was not apparently effective enough. After the crowd disaster, it was sometimes claimed that the floats even obstructed the inflow of arriving visitors. While the inflow never stopped completely before the cordons http://www.epjdatascience.com/content/1/1/7 were established,  the queue forming at the top of the ramp varied considerably over time. ,, The inflow was particularly low, when a float was slowed down or stopped around : in the neighborhood of the ramp.  While the organizers considered the possibility of inflow problems, , they assumed that these could be handled by 'pushers'  at the upper end of the ramp and that the floats could be used as well to reduce them (by attracting the crowd onto the festival area and moving it along with them).  However, there was apparently a lack of a sufficient number of pushers,  and the floats did not manage to overcome the inflow problem. It looks like the floats were slowed down by the dense crowd, which in turn obstructed the inflow of visitors, thereby creating an unfavorable feedback loop. The situation was particularly tense from : to : and from : to :; as a consequence, the crowd manager asked for support by the police at : (or before).  The responsible officer arrived around :, when a jam had formed on the upper part of the ramp.  About  minutes later, a joint strategy was found. However, already at : (i.e. at the time when one of the floats slowed down in front of the ramp), the situation had deteriorated so much that a large amount of visitors decided to overcome fences along the ramp to reach the festival area via the grassy slopes on both sides (see Figure  ). ,, This mitigated the bottleneck situation at the end of the ramp, which could have caused serious problems at a much earlier time. In fact, it seems that the dangerous phenomenon of crowd turbulence (see Sec. .) first occurred in the upper part of the ramp.  According to Table  , the first visitors used the narrow staircase at :, and around : the first people climbed the pole on the East side of the lower ramp area, to get up to the festival area.  The first people climbed the container of the crowd management on the South of the ramp at :.  This was the time, when the third police cordon is given up. While the initial flow on the staircase was stopped by police, people used the staircase again around :. At about the same time, a person climbed a traffic sign on the ramp (see Figure  ).  All of this might have been interpreted by the security as signs of an excited crowd that did not behave properly, but the temporal coincidence of these events clearly shows that people were trying to escape from the crowd in any possible way, because they felt in danger. In fact, behavior of the crowd that might have been perceived as 'improper' occurred mainly, after the first two cordons had to be given up (around : and :), while the third one was still closed, which caused an increasingly crowded situation on the ramp.
In videos recorded at the Love Parade, the phenomenon of crowd turbulence starts to appear between : and :.  Around the same time one can hear painful shouts, and some people scream for their lives and for help (see Table  ).  In this situation, at least some people must have experienced a psychological state of panic. Nevertheless, there were no signs of sudden systematic movements of the crowd into a certain direction, which would indicate a stampede, and no people 'crawled' on top of others, yet. Around :, the forces in the crowd were so critical that a traffic sign was bent,  and an unconscious women was passed on to the narrow staircase.  Around :, several people tried to elevate themselves out of the crowd by climbing a billboard next to the traffic sign.  Approximately at the same time, many people between the billboard and the staircase raised their arms into the air (the movie should be watched in full screen mode to see this well).  This is usually a sign that they have fallen to the ground and are seeking help from others to get back on their feet. We believe that this was the first sign that people were http://www.epjdatascience.com/content/1/1/7 dying or likely to die. At :, an emergency vehicle entered the ramp, but it was taking care of other problems.  Still, there were no sudden moves into one direction visible in the crowd that would speak for a stampede. Rather, people next to those screaming for their lives were trying to calm them down by saying 'you will make it, ' and offering them water.  Around :, a group of people was pushing their way through the crowd towards the tunnel in the West (in the video in endnote  this can be seen between : and : in full screen mode; the same shows up in this video  ). Around the same time, some people were trying to 'crawl' over others, hoping to escape the situation. , While this was clearly a relentless and potentially harmful behavior, it is not obvious that it killed others, and it occurred under circumstances that were absolutely life-threatening (which should not be misunderstood as a justification of such relentless behavior). First deaths were reported at :. ,
Were people killed by others falling on them from above?
As most people died between the staircase and the billboard,  the public media initially assumed that they were victims of others, who had fallen down after unsuccessfully trying to climb the staircase from the side or to climb the billboard.  There was even a statement that the staircase should have been 'blasted away' before the event.  However, the videos viewed by us do not provide convincing evidence that falling people were the cause of the disaster. It is also not plausible that a few people falling from the staircase could account for  fatalities and more than  injured people.  Moreover, the height of falling was not large, and most victims were not lying on the side of the staircase, but rather between the staircase and the entrance of the tunnel (see 'accident area' in Figure  ).  Nevertheless, the analysis of the video materials and photographs witnesses at least three events of falling people. According to endnote  , the first one happened around : at the billboard, the second shortly later at the same place. The third incident happened at the same location at :. Furthermore, one person failed to climb the staircase from the side; around : it fell back to the ground from a low elevation.  Apparently, the height of falling was relatively small, and the falling people also did not trigger a stampede of the crowd. Therefore, according to our judgment, it is unlikely that people died as a direct consequence of others falling down from the staircase or billboard.
Did the staircase cause a crowd crush?
Nevertheless, it is a valid question, whether it was a mistake to let people use the staircase. It is likely that people were turning towards the staircase, hoping that it would provide a chance to escape, and that even a minor movement could seriously increase the local pressure in the crowd, given the high density that had already built up on the ramp. In fact, the situation in the crowd was highly problematic not only next to the staircase,  but also next to the pole,  and it was apparently the use of the pole that inspired the use of the staircase.  Nevertheless, the movement of the crowd towards these improvised 'emergency exits' was not large. The videos we have seen do not show the sudden start waves, which are typical when a waiting crowd (or jammed traffic) starts moving [, ]. Therefore, we doubt that the fatalities were caused just by a relentlessly forward pushing crowd, which crushed the people. Crushing due to extreme densities rather happens when a large crowd moves too quickly towards a narrowing []. In Duisburg, however, the crowd disaster happened in a crowd that barely moved forward. Even though the situation http://www.epjdatascience.com/content/1/1/7 on the ramp was critical for the crowd from : on,  it seems that most people had a chance to breathe (at least intermittently) and to recover between stressful periods. In fact, the recordings change many times between screams of panic and more positive noises.
We do not question that the density in the crowd became so high at some locations that it could seriously harm health and lives, but it is puzzling that most victims were not found on the side of the staircase, or next to the pole(s) and the container, where they had to be expected in case of a crowd crush. We also do not deny that the staircase was an attraction point, but we doubt that it can be seen as immediate cause of the disaster. It may have even played a significant role for the evacuation of the overcrowded ramp, since it served as emergency exit. However, this emergency exit was used too late and not very efficiently. A continuous flow of people on the staircase was established only around :. , Before, it stopped or was blocked many times. The same happened during the most critical period, when many people tried to climb the staircase from the side, which considerably obstructed the flow on it. 
Occurrence of crowd turbulence
So far, the cause of the crowd disaster in Duisburg has still not been revealed. If the crowd did not panic, and people did not die from others falling on them, and a rush towards the narrow staircase did not cause the crowd disaster, what then was the reason for it? The answer lies in the dynamics of the crowd, which unintentionally emerged, when the density became too high. John Fruin describes the situation as follows []: ' At occupancies of about  persons per square meter the crowd becomes almost a fluid mass. Shock waves can be propagated through the mass, sufficient to. . . propel them distances of  meters or more. . . . People may be literally lifted out of their shoes, and have clothing torn off. Intense crowd pressures, exacerbated by anxiety, make it difficult to breathe, which may finally cause compressive asphyxia. The heat and the thermal insulation of surrounding bodies cause some to be weakened and faint. Access to those who fall is impossible. Removal of those in distress can only be accomplished by lifting them up and passing them overhead to the exterior of the crowd. '
In fact, suffocation was diagnosed as the reason for the death of people during the Love Parade disaster.  In simple words, this means that the lungs of the victims have been compressed so much that they were unable to breathe enough to get the required amount of oxygen to survive. Compressive asphyxia was also identified as cause of death in many other crowd disasters.
According to recent studies [], it is often not the density alone that kills ('crushes') people, but the particular kind of dynamics that suddenly occurs when the density becomes so high that physical interaction between people inadvertently transfer forces from one body to others. Under such conditions, forces in the crowd can add up. Force chains may form, such that the directions and strengths of the forces acting on the body of an individual in the crowd are largely varying and hard to predict. As a consequence, an uncontrollable kind of collective dynamics occurs in the crowd, which is called 'crowd turbulence' or 'crowd quake' [, ]. The forces in this dynamical state of the crowd can cause various injuries (in particular of the chest, as in crowd crushes). They are so high that they cannot even be controlled by large numbers of police forces. Individuals can handle the situation even less. They are exposed to a large risk of losing balance and stumbling.  Once people have fallen, they constitute obstacles to others and are endangered by others falling on top of them, since these can also not control their steps anymore as they http://www.epjdatascience.com/content/1/1/7 Orange and red areas indicate the locations with the highest crowd pressure, when a densely packed crowd tries to move around the corner. The simulated situation is analogous to leaving visitor streams at the Love Parade in Duisburg, trying to leave the main ramp through the tunnel in the West. Note, however, that the above simulation does not consider inflows of visitors arriving from the East. These would move the high-pressure area a bit up the ramp, where the accident actually happened.
wish. Hence, the surrounding people are likely to stumble as well, which creates a 'domino effect' .  The resulting number of falling people may be large. This creates a heap of people, in which nobody can easily get back on their feet again. Those on the bottom have serious difficulties to breathe, and they are likely to suffocate if this state lasts too long, given the weight of others on their top.
Directly after the Love Parade disaster, when the situation was far from clear, one of the authors conjectured that 'crowd turbulence' was the likely cause of the fatalities.  Eye witness reports and the analysis of video recordings confirms this hypothesis.  Crowd turbulence can be observed in the crowd at least from about : on around the pole and from : on in the lower part of the ramp.  Before :, a considerable number of people fell to the ground between the tunnel and the staircase,  approximately at locations where computer simulations predict the largest crowd pressures (see Figure  ).  The situation deteriorated further around :, when crowd turbulence affected almost the entire width of the ramp,  i.e. hundreds or even thousands of people were irregularly moved around by the pressure in the crowd; many of them stumbled and fell on top of each other.  The troubled area agrees with the one, where most victims were found. , Under the weight of others lying on them, they must have eventually suffocated, since there were not enough emergency forces to help them back on their feet in time.
Public blogs have been wondering about the reasons for the layered crowd of fallen people:  • Did the emergency vehicle driving on the densely crowded ramp trigger the falling?
• Was there a fence lying on the ramp, that should have covered a broken manhole cover?  While cars moving through a dense crowd can indeed trigger critical conditions, it seems that people had already fallen to the ground (around :), before the emergency vehicle arrived on the ramp (around :). ,, A broken manhole cover or any kind of obstacle lying on the ground would certainly have made it difficult for people to keep their balance and stay on their feet, when pushed http://www.epjdatascience.com/content/1/1/7 around by turbulent waves. Such obstacles are dangerous and should certainly not have been located in the bottleneck area (the ramp). While, even without obstacles, it is likely that crowd turbulence would have caused people to fall sooner or later, obstacles can act as 'nucleation points' and thereby possibly trigger an earlier falling of people, which may reduce their chances of survival.
Causal interdependencies
We must now discuss the question, how the conditions, which caused the deadly crowd turbulence, have come about.
Failure of flow control
When viewing the area of the Love Parade in Duisburg (see Figure ) , the choice of location appears surprising, since the festival area was relatively small and furthermore constrained by railway tracks on one side (in the East) and by a freeway on the other side (in the West). This becomes particularly clear when comparing the area with the one used during the Love Parades in Berlin.  As this circumstance implied a risk and the bottleneck at the ramp during peak hours was foreseeable (see Sec. .), flow control was crucial for the safety of the Love Parade. However, there was a whole avalanche of problems that accumulated and, thereby, caused the crowd disaster.
The first problem on the day of the Love Parade occurred when the opening of the festival had to be delayed by approximately one hour due to a delay in the completion of the leveling work (see Table  ). Therefore, many visitors must have been queued up already at the time when the festival area was opened. It seems that the organization of the mass event could never make up for this delay.
The overall inflow capacity was apparently further reduced through obstructions by the floats, which had probably not been anticipated to that extent (see Sec. .). As a consequence of this, access control was necessary already at : (see Table  ), much before the expected peak hours. This further increased the queues and the waiting times. The following quote witnesses the problems:  'We parked the car about  kilometers away from the freight station (next to the festival area), and it took us almost  hours (!) to get to the Love Parade (festival area). On the way, we were facing blocked roads time and again, fences were carried over us, emergency forces could not get through, people collapsed,. . . ' .
Clearly, visitors of the event must have become impatient, particularly because there was probably a lack of food, drinks and toilets outside of the festival area (since such long waiting times were not anticipated). One could, therefore, expect that it would be difficult to control the inflow. In this connection, it is also worth noting that there was not much entertainment outside the festival area to shorten the psychological waiting time and to relieve stress and impatience. Apparently, there was a stage outside the festival area, which was supposed to absorb some of the visitors, who could not get to the festival area, but for some obscure reason, it was moved to another area, where it attracted only a smaller number of people.  Between : and :, the organizers found it difficult to control the inflow with the isolating devices (see Table  ). This was probably not just a result of the excessive waiting times, which caused impatience, but possibly also because some of their security people were needed elsewhere (e.g. to improve the outflow from the ramp or to guide VIPs).  As a consequence, the organizers tried to get support by the police.  http://www.epjdatascience.com/content/1/1/7
For a number of reasons, it seems to have taken a considerable amount of time to get the requested police support. Communication by walkie talkies and mobile phones did not work reliably.  There were also no functioning loud speakers at the ramp, as there should have been.  Moreover, there was a change of police shifts between : and :, when the situation started to deteriorate.  Various reports suggest that police and organizers were not well coordinated, probably due to the afore-mentioned communication problems. It is also likely that the following emergency operations had not been exercised before. As a consequence, the police may have tried to solve the problem with concepts they were familiar with. They formed several police cordons for flow control. This tactic is often applied to get control of violent crowds. However, it failed during the Love Parade, and we will now analyze why.
A lack of overview of everybody
As was pointed out in Sec. ., when the crowd was trapped in a situation of extreme density, it did not have a chance to get an overview of the situation and possible ways to improve it, in particular to get out of the area. Signs and loudspeaker announcements were not available. The only possible emergency exits they could recognize were the narrow staircase, the pole(s), and the container of the crowd management. They were used accordingly, which was quite reasonable in the more and more dangerous situation that the crowd found itself in.
At this time, all the hope to get control of the situation rested on the police. The police may have been surprised by the sudden need to take control, which was requested by the crowd manager when difficulties to access the festival area occurred at the upper end of the ramp. The police tried to solve the problem by establishing cordons, but it was soon noticed that police cordons a, , and  (see Figure ) blocked not only the inflow, but the outflow as well. This is also the reason why cordon a was moved behind the side ramp (see cordon b in Figure ) , and why police cordon  was formed at the upper end of the ramp (after dissolving cordon ). This would have allowed to re-direct the outflow via the side ramp. However, before these operations could be completed, cordons b and  had to be given up because of the increasing pressure in the waiting crowd, while cordon  was still there.  It is known that dense counter-flows are unstable and may give rise to mutual blockages, which can cause crowd disasters [, ]. For such reasons, it is recommended to separate the flow directions at mass events. Yet, it was not the instability of dense counter-flows which caused the incident in Duisburg. The lack of directional flow separation, however, did not allow one to clear the ramp, after it became crowded by the dissolution of two of the cordons. When cordons b and  had to be given up, the police suddenly found itself in a situation, where in-and outflows blocked each other, and it was basically impossible to evacuate the ramp in conventional ways, when people quickly accumulated on both sides of cordon . A trap without exits or emergency exits resulted, from which people could not get out, and the situation kept getting worse.  For people in the crowd, it was impossible to gain a sufficient overview of the situation and to find a solution. Police had helicopter surveillance  and was filming the ramp from the top. However, it took some time until the criticality of the situation was noticed and evacuation measures were taken. When the evacuation finally became effective, the ramp cleared quickly.  But prompt action was delayed by communication problems. It http://www.epjdatascience.com/content/1/1/7 Queues of arriving visitors form at the upper end of the main ramp, which leads to the festival area. For this case it was planned (1) to use 'pushers' in order to make the people move forward, (2) to close the access points in the East and West in front of the tunnels, (3) to make loudspeaker announcements [pp.20+13].
15:16
The crowd manager asks for police support via the liaison officer [p.31]. Around 15:30
The relevant police officer arrives at the container of the crowd manager [p.31]. 15:30-15: 40 Crowd manager and this police officer jointly decide (1) to ask crowd management/security staff to work as 'pushers' in order to ensure a better inflow into the festival area from the upper end of the ramp, (2) to close the access points for approximately 10 minutes, (3) to form a cordon in the middle of the ramp in order to shield visitors trying to enter the festival area from behind [pp.20+31].
15:45
In the discussion with other police officers, this plan is modified towards forming 2 police cordons in the tunnels to the West and to the East [p.22]. 15:50-16:20
Police cordon 1 is formed in the tunnel in the West (first before the side ramp and then after it from 16:02 on in order to allow people to use the side ramp) [p.21]. 15:57-16: 16 Police cordon 2 is formed in the tunnel in the East [p.21].
16:01-16:24
A third police cordon is formed in the middle of the ramp in order to avoid that visitor flows returning from the Love Parade would undermine police cordons 1 and 2 from behind [p.21+22]. Around 16:10 When arriving at the relevant area of the ramp, the responsible officer discovers that (1) many people are trying to leave the festival area and (2) the expected dissolution of the jam at the upper end of the ramp did not happen within the 10 minute time period foreseen for this. Therefore, the blockage of the inflows by cordons 1 and 2 must be maintained longer than planned. Due to this delay and since the access points must be intermittently opened, the pressure on police cordons 1 and 2 becomes so high that they must be given up [p.23].
16:24
Visitors are jammed up on both sides of police cordon 3. The situation becomes extremely crowded [p.24]. Therefore, police cordon 3 is dissolved, also because it is 'ineffective' between two oppositely directed flows [pp.24+34].
16:31
A new (transparent) police cordon is formed at the upper end of the ramp from 16:31 on [pp.21+24]. It serves to stop the outflow of leaving visitors via the main ramp and to encourage arriving visitors to use the slopes to enter the festival area (see Figure 1 ). 5 The numbers in square brackets correspond to the page numbers of the report.
seems that the first loudspeaker announcement could only be made around :, after a loudspeaker vehicle had entered the ramp.  Why did the evacuation start so late? The analysis of the police is presented in Table  . It seems that first attempts to direct the crowd towards the upper end of the ramp started around :, , but were not very effective.  It is true that evacuation attempts take some time, but there was also a lack of efficient means of communication (such as loudspeakers or megaphones). Moreover, we would like to point out the following: In crisis situations, decision-makers are often overwhelmed by the pace of events [], mainly for two reasons: First, it takes time to collect information locally, and bring it to the attention of the chief police officer, who then takes a decision and gives commands. These are then transmitted down to the local police forces through the command chain. Second, critical situations are often characterized by incomplete, contradictory, and ambiguous information, which makes it difficult to assess the situation correctly and come to the right conclusions.
When the situation on the ramp became unbearable and life-threatening, people started to escape via the pole, the container and the staircase next to the ramp. This could have http://www.epjdatascience.com/content/1/1/7 been misinterpreted as aggressive attempts of impatient visitors to storm the festival area, but in reality, it was a sign of emergency. However, due to the noise level, screams for help , were hard to comprehend. Also visitors (on the East), looking on the ramp from above around : did not have a sense of emergency.  This makes it understandable, why pressure relief operations were not yet effective, when the crowd disaster was about to start.
Once the evacuation process on the ramp started, the area emptied quickly. , The narrow staircase also might have played an important role as an emergency exit at this time.  Others managed to leave the ramp towards the festival area, following the emergency vehicle.  However, people close to the staircase were still focused on it.  This might have been a result of the 'tunnel vision' that develops when people are stressed. Even when the surrounding crowd had dissolved, it took a long time, until those who had fallen to the ground between the tunnel in the West and the staircase got back on their feet, if they managed this at all. , In fact, many of them were injured or died.
A lack of overview is typical for crises situations. During the Love Parade disaster in Duisburg this is, for example, reflected by the fact that, around :, the minister of interior visited the Love Parade (see Table  ), but despite first signs of overcrowding, he left the festival area before the incident. At :, the organizer gave an interview, which still called the event a success,  and as late as :, the city's situation room made a similar statement.  Emergency forces were also responding late. As a consequence, a triage procedure had to be applied. (This procedure is typical for war zones, major disasters, and terrorist attacks.) Therefore, many people in critical health conditions did not get first aid. 
Discussion
In the following, we try to gain an integrative view of causal factors of the crowd disaster, which strictly needs to be distinguished from a legal analysis or a determination of responsibilities. We also want to stress that the main purpose of our analysis is to learn for the future, i.e. to identify factors that need to be paid more attention to.
Resilience, systemic instabilities, and cascading effects
Note that, generally, a good organizational concept should be resilient ('forgiving'), i.e. it should be robust to mistakes and complications. Therefore, many disasters do not have a single causing factor. They are a result of interaction effects. This also applies to the Love Parade disaster which, as we will argue below, can be understood as result of a systemic instability.  The term 'systemic instability' is used here for situations, where small perturbations can trigger a series of events through mutual amplification effects in a way that things eventually get out of control, even if everyone makes best efforts. At the Love Parade, people were dying although nobody wanted this and everyone was trying to prevent Many systemic instabilities come along with cascading effects, which tend to create extreme events [, ]: the overload of one component of the system challenges other components, which therefore causes a propagation of problems through the system. Usually, cascading effects do not occur during normal operation, but are triggered by (random) perturbations or the coincidence of several complicating factors. They tend to occur when the interdependencies in the system exceed a critical strength. For example, cascading effects are observed in traffic jam formation (when the density is too high) [], blackouts of power grids, for many kinds of disasters [], for the current financial crisis,  and for the Arab Spring revolutions [-].
What caused the crowd disaster: causal interdependencies of contributing factors
The following analysis discusses cascading effects that have (most likely) contributed to the Love Parade disaster in Duisburg (see Figure  for an illustration).
-Berlin rejects to host the Love Parade (LP), and other cities take over.  The Love Parade moves from city to city, which creates new organizational challenges each time (in more difficult locations than in Berlin with its wide roads and expansion areas). The change of organizational teams makes it difficult to accumulate crowd management experience over many events. -Bochum has to cancel its Love Parade, because it cannot manage the security challenges.  -Duisburg/Essen is elected as cultural metropole .  It is under pressure to come up with an attractive cultural program. This seems to have created a desire to approve the Love Parade. , -The festival area does not provide capacity reserves and implies a number of organizational difficulties. In the tunnel and on the ramp, in-and outflows are not separated, and there is no separate route for emergency vehicles (i.e. they have to use the tunnel as well). -To overcome security concerns, an evacuation study is commissioned. It mainly focuses on evacuation scenarios,  assuming a maximum concurrent number of visitors as it was required by the security concept of the city. , -Due to the late approval of the event (see Table  ), the security concept may have been finished 'last minute' (and vice versa). The likely consequence is that contingency plans may have been insufficient and could not be exercised enough. There was probably also not enough time to ensure a good coordination between organizers and police forces. -Due to delays in finishing the leveling work (see Table  ), the festival area of the Love Parade is opened later than expected.  This implies an early overload of the access points and causes an impatient crowd (particularly as facilities, supply and entertainment were probably scarce outside the festival area). -People enter the Love Parade area later and return earlier than expected.
-The interaction of the floats with the crowd does not enable a sufficient inflow to the festival area. This apparently requires that crowd management forces are moved away from the isolating devices to the end of the ramp, in order to improve the inflow; requested VIP support seems to absorb some manpower as well.  -The crowd management faces problems to control the isolation devices, and it tries to organize police support.  http://www.epjdatascience.com/content/1/1/7
Figure 3 Illustration of causal interdependencies between different factors that have most likely
contributed to the emergence of the crowd disaster during the Love Parade in Duisburg. One can see that the reason for the crowd disaster was not a single factor, but amplifying feedback and cascading effects, as it is typical for systemic instabilities. Therefore, most contributing factors are consequences of other factors. Also note that causal dependencies have to be clearly distinguished from legal responsibilities. (Question marks indicate likely contributing factors, which we have not proven by us in a strict sense, but are plausible conclusions that are not questioned by any counter-evidence known to us.)
-There are difficulties in the communication and coordination between organizers and police. Suitable communication means are missing or not used or are not working in a reliable way.  Therefore, the feedback between the situation, the crowd management, and the crowd is insufficient. -Due to communication problems and a change in police shifts, police support may have been delayed.  Moreover, it must have been difficult for the new shift to get an overview of the situation. http://www.epjdatascience.com/content/1/1/7 -Maybe due to the urgency of the situation, it is decided to form two police cordons in the tunnels leading to the ramp. A third police cordon is established in the middle of the ramp, where fences narrow down the diameter of the ramp. It shall prevent that leaving visitors undermine the police cordons in the tunnel from behind.  -The police cordons in the tunnel are given up, probably because of the high pressure of the arriving crowd. This replaces the problem at the upper end of the ramp by an even bigger problem in the middle of it: A lot of visitors are moving into the lower ramp area through the tunnel, while many others are waiting at the upper end to leave the event. As the third cordon blocks in-and outflows, jams of arriving and leaving visitors are quickly growing on both sides of cordon . The cordon is dissolved, because it is ineffective, and a new police cordon is formed at the upper end of the ramp. -At this time, the situation in the crowd is already critical. The lack of separation of opposite flow directions makes it difficult to let people out without letting people in.  Therefore, it is impossible to evacuate the ramp efficiently. -People on the ramp try to escape the life-threatening situation over the staircases, the pole(s), and the container (see Sec. .). This may have been misinterpreted as a 'mob' trying to force its way into the festival area, which needs to be controlled. Pressure relief efforts become effective only very late. -In absence of separate emergency routes, fences and cordons must be opened to allow an emergency vehicle to pass (see Table  ).  This creates openings for a further inflow of people. -The overcrowded situation causes dangerous 'crowd turbulence' (see Sec. .). Many people are falling and pile up on top of each other. Emergency forces cannot reach people quickly enough.  of them die of suffocation, and more than  are injured. , -As an unexpectedly large number of people need help, there are not enough emergency forces at the location of the accident.  Therefore, a triage procedure is applied in the tunnel.  As a consequence, many people in critical health conditions do not receive first aid.
What might have stopped the feedback and cascading effects
Overall, one gets the impression that problems occurred on all sides (but we admit that it is easier to identify them afterwards than at the time when decisions must be taken on the basis of often limited and imperfect information). The above analysis shows that things went wrong from the very beginning, and that the situation increasingly got out of control over time. However, we believe that there were also many possibilities to mitigate or overcome problems that contributed to the disaster. Therefore, we will now discuss, how the deadly cascading effect described in the previous subsection might have been stopped or how its size and impact could have been reduced: -One might have been able to find a better suited area for the organization of the event.
-One could have required higher organizational standards (such as a separation of flow directions). -The decision to hold the event or not could have been taken earlier. This would have facilitated a better preparation and a better coordination. It would also have reduced the commercial and public pressure in case of deciding against the event. http://www.epjdatascience.com/content/1/1/7 -Safety and security concerns could have been taken more seriously. The fact that the responsible police officer quit his job  could have been seen as advance warning sign. -Superior contingency plans could have been elaborated, in order to be better prepared for the occurrence of various problems. This applies particularly to the handling of the main bottlenecks of the system: the ramp and the access points. -If the evacuation study had raised serious concerns, this might have been able to stop the approval of the event. -The various stakeholders could have foreseen larger safety margins and more reserves (also in terms of staff ). -It might have been possible to work out a different flow concept, which separates inand outflows. A circulatory flow organization (where people would come in via the tunnels and both ramps, but leave over the closed-down freeway) would have been interesting to consider. -Obstacles on the ramp (such as the food stand, fences in the way, and police cars) could have been avoided. -Efforts could have been made to ensure better communication between the different stakeholders (by reserving [more] priority lines in the mobile phone network) and better communication between the organizers and the crowd (by installing loudspeakers at the ramp and elsewhere). A loudspeaker vehicle could have been moved to the ramp, when it was noticed that no loudspeaker equipment was available on the ramp (around :, see Table  ), or megaphones could have been used to communicate with the crowd. -When it became clear that people had difficulties to enter the festival area and jams formed on the ramp, one might have been able to move the floats further away from the ramp. Moreover, the side ramp could have been used to avoid the jam on the main ramp. -The use of more 'pushers' might have been able to increase the outflow from the ramp to the festival area  (but it is not clear how effective this measure would have been, given that the entrance area to the festival ground was quite packed). -More emergency forces (rescue units) could have been positioned on the ramp and next to it. -When it was recognized that the crowd management and control did not work as expected, the first police shift might have been extended. -When the situation became crowded, cordons could have been established at the isolation devices and at the end of the main ramp. The outflow of people could have been redirected (either via the side ramp or via the emergency exits). -With loudspeakers or megaphones, people on the overcrowded ramp could have been evacuated earlier and in a more effective way, e.g. by organizing an outflow from the ramp to the festival area behind the chain of police cars that were standing on the ramp (see Figure ) . Additionally, a continuous evacuation via the staircase could have been established from : on (or even from : on, when people needed to use the slopes to get on the festival area).  Furthermore, the tunnels could have been used to evacuate the ramp, if the flow directions would have been separated. Given the above alternatives, the crowd disaster might have been avoided in many ways. Already around : there were first signs that the crowd management concept would not work as planned (see Table  ). Between : and : it was noticed that the ramp http://www.epjdatascience.com/content/1/1/7 constituted a bottleneck that could get out of control. Around :, people climbing the pole, staircase and container were serious warning signs of a critical situation (see Sec. .). At this time, it would probably have been possible still to evacuate the ramp, if suitable communication tools had been used. However, the ramp emptied only after :.
Lessons to be learned and recommendations 6.1 Summary
One of the noteworthy points of the Love Parade disaster is that most evidence is available online, which allows many scientists and also the broader public to form an opinion. This dramatically changes the situation compared to many previous disasters, where a lot of evidence is of confidential nature, accessible only to a small number of experts. We believe that the new openness of data can have many beneficial effects on society. This study, for example, hopes to make a contribution to a better understanding of crowd disasters and their avoidance in the future. The accessibility of the materials can also serve organizers of mass events, the police and emergency forces to prepare themselves better.
Through the analysis of publicly available materials and videos, we could identify many factors that have contributed to the Love Parade disaster. Our judgement is that the capacity of the area of the mass event already implied various problems, which the organizational concept wanted to overcome by crowd control. However, the delayed start of the event and the unexpected obstruction of the inflow to the festival area from the ramp (i.e. two factors which were probably not anticipated) caused queues that were difficult (or impossible) to manage. Already in the organizational phase, but also in the attempt to manage the flows, many problems came together, and the mutual interaction of these problems made the situation worse. In particular, the cordons that were intended to dissolve the jam at the entrance to the festival area did not yield the expected relief. While they might have worked in case of unidirectional flows, the situation became worse due to the fact that a flow of returning visitors encountered an inflow of arriving people without a separation of the flow directions. From the very beginning, the interaction of many factors resulted in cascading effects, which eventually created a situation that got totally out of control (see Figure ) .
Organizational concepts for mass events are supposed to be robust to the occurrence of single perturbations ('single points of failure'). This in itself, however, does not exclude the possibility that the coincidence or interaction of problems can cause a systemic failure. When certain factors have amplifying effects on other factors (or there are even feedback loops), this can create systemic instabilities. We learn from this that, in order to reach a resilient organization of mass events (and actually any complex system), it is not sufficient to ensure the robustness of each contributing factor. One must also study their interaction effects, to guarantee that the overall organization is resilient to the coincidence of unfavorable factors as much as possible.
Our study also sheds new light on issues that have been controversially discussed. Immediately after the Love Parade disaster, the behavior of the crowd and the staircase were blamed for the fatalities. However, our analysis yields a different interpretation: the Love Parade incident shows the typical features of crowd disasters, such as the existence of bottlenecks (and therefore the accumulation of large numbers of people), organizational problems, communication failures, problematic decisions, coordination problems, and the occurrence of crowd turbulence as a result of high crowd densities. http://www.epjdatascience.com/content/1/1 /7 It is likely that the staircase encouraged a movement of the crowd towards it, when people were trying to escape from the life-threatening density in the ramp area, but the collective movement seems to have been small (it is not clearly visible in the video recordings). In any case, effective measures (such as an evacuation of the crowd) should have been taken long before critical conditions developed. Given the high density in the ramp area, the occurrence of crowd turbulence or 'crowd quakes' was unavoidable. In this dynamical state of the crowd, the lives of people are in serious danger, as people will fall sooner or later. The triggering of this deadly dynamics does not require a particular reason.
Furthermore, note that the pushing in the crowd at high densities is not necessarily a result of violent behavior, but of the fact that physical forces are transmitted via the bodies of others and adding up. Under such conditions, it is very difficult to keep control over the motion of one's own body, since one is literally moved around by the crowd. The situation in the crowd is difficult also, because no one has an overview of the scene, and the noise level (as well as the overload of the mobile phone network) make communication largely impossible. While the conditions in the crowd were likely to cause a high level of stress, this was a reasonable response to the life-threatening situation. However, a mass panic was most likely not the cause of the Love Parade disaster. The video recordings from the Love Parade do not provide evidence for a stampede of people, while the dangerous phenomenon of crowd turbulence is clearly visible.
Note that crowd disasters during religious pilgrimage in the past recently led to important insights and also to significant improvements of crowd management and control [-]. Many of the lessons learned can also be transferred to other mass events in order to improve their safety. The authors propose to consider the following points (besides the official regulations, of course):
-Large mass events should preferably take place in locations where experience with the management of large crowds already exists for a long time. It should at least involve some experts who have participated in the organization of previous mass events and know how to handle critical situations. Local organizing teams should be supported by experienced national or supranational professionals. -The security concept should be finished, distributed, discussed, and exercised at a pre-specified date well in advance of the event. -The event must be planned on the basis of the number of expected people, not on the basis of capacity. -An organizational concept that requires keeping many people out or delays them for hours should be avoided. -Facilities (e.g. toilets), supply (particularly food and water), as well as entertainment should be ensured also for people on the way to the festival area and for those waiting to enter. A bottleneck analysis is crucial. It must also take into account moving bottlenecks such as floats, but also the operation of police or emergency vehicles. Confluence, turning and intersection points should be determined. In this context, computer simulations with state-of-the art pedestrian software can be useful, but model parameters must be carefully chosen. Note that computer simulations can often help to identify crowded areas, but they are not sufficient to reveal all kinds of organizational challenges. -Critical points should be removed, and it must be checked, whether the remaining problems can be safely handled by crowd management and control measures also under adverse conditions. Safety margins (such as capacity reserves) should be foreseen [] , and detailed contingency plans should be worked out for likely and unlikely events, and exercised. (Contingency plans serve to reduce the need of improvisation and to ensure a quick and effective response to any occurring problems.) Interaction, cascading and side effects of complicating factors should be analyzed as well. Remaining areas and factors of concern must be continuously monitored (e.g. by video surveillance and special software for real-time analytics -Communication must work (both, from a technical and an organizational perspective). It is key to detect, avoid, and respond to critical situations. Communication is also crucial for the capacity to reduce undesirable interaction effects and to stop dangerous cascading effects. -Finally, a safety culture must be actively promoted, reminding everyone that problems can always happen. The motto should be: 'Don't take it easy. Always expect the unexpected!' Preparations for all sorts of surprising situations (including a sudden change of the weather) should be made as much as possible.
Some common misconceptions
As discussed before, our study questions a number of common views about crowd disasters. This concerns the following points:  The word 'pushing' suggests that people would relentlessly push forward towards their goal, not caring at all about others.  The concept of 'mass panic' sees a stampede as the origin of the crowd disaster, resulting from a contagious mass psychological effect. It also assumes that the crowd behaves unreasonably.  The term 'crushing' suggests that the cause of the crowd disaster is an uncontrolled pushing of a crowd towards a bottleneck, which creates densities so high that the bodies of people are crushed.  The word 'trampling' suggests that people walk carelessly over others.  Such views tend to blame the crowd for the disaster rather than drawing suitable consequences regarding the organization of mass events, the crowd management and communication. Therefore, recurring disasters may be a consequence of misconceptions about them. In contrast to the above interpretations, our analysis of the crowd disaster in Duisburg suggests the following:
 It is the 'queuing effect' which causes a denser and denser queue of people over time [] , and a lot of pushing in the crowd happens unintentionally. This is, because physical forces start to add up when the density becomes so high that people start to have body contact. Aggravating factors, which may lead to intentional pushing are () long waiting times without food, water, facilities, and entertainment, () the absence of understandable, communicated reasons for the delays, and () threatening high-density conditions.  The main danger are the laws of physics, not psychology [, , , ]. People do normally not die because they panic -they panic when their life is in danger.  We do not deny that people get impatient after long waiting times and that some of them also disrespect rules in order to get towards their goal (in particular if these rules do not appear justified to them). However, even under extremely critical conditions, people helped each other and behaved quite rationally. They overcame barriers, used slopes, staircases, poles and the container mainly, when this was necessary to evacuate themselves and reduce the density in the crowd. What might have appeared as an unreasonable crowd forcing its way into the festival area may be better interpreted as a crowd trying to find a way out of the dangerous trap it was in. However, despite a rather rational behavior altogether, some individuals suffered from 'tunnel vision' , which is a phenomenon that can occur under conditions of stress. This becomes evident from the fact that those standing around the poles, Therefore, to avoid falling when pushed around by the crowd, people might be forced to step on others. However, under these conditions, they are rather 'walked' than 'walking' . That is, while the passive verb 'being trampled' is correct, the active form 'trampling' is misleading.
Conclusion and 'natural laws' of crowd behavior
It is obvious that situations such as the ones described above must be absolutely avoided.
This requires the choice of a suitable location and an adequate preparation of the mass event, an appropriate organization and crowd management, and a quick response to early warning signs, for which information and communication play a key role. It is also important to understand that crowd behavior follows certain 'laws of nature' , which result from physical, physiological, psychological and social needs of humans such as sufficient space, food, water, and air, toilet facilities, feeling of safety, perceived progress towards the goal, information, communication, entertainment, etc. An insufficient consideration of such factors can promote disasters, particularly if shortcomings accumulate. http://www.epjdatascience.com/content/1/1/7 Police should take over control in close consultation with the crowd management. Appropriate contingency plans must be applied. Evacuation is strongly advised. Communication with the crowd is crucial. Emergency forces must be in the most crowded areas, in order to provide first aid whenever needed. 5
People disrespect fences or try to get out of the area.
The situation is critical and likely to get out of control.
Communicate with the crowd and evacuate it. Provide help and first aid. Inform hospitals and additional emergency units about the possibility that the situation may get out of control. 6 Crowdturbulence occurs. People scream or shout for help.
Injuries and fatalities are likely. A crowd disaster can happen any time.
Calm down the crowd and guide it. Continue to evacuate people. Watch out for the areas with the highest densities and largest crowd movements, to ensure support and first aid. Additional emergency vehicles must be called to ensure sufficient manpower, and hospitals must be informed about likely (and potentially many) injuries. 7
People are falling to the ground. People raise arms into the air.
People are in big trouble. Many injuries are to be expected. A crowd disaster is (most likely) happening.
Immediate help and first aid are needed, probably for many people. Hospitals must be prepared to shift from routine to large-scale emergency operation.
8
People crawl over others.
A crowd disaster has probably happened.
Apply rules for a state of serious emergency.
Note that at each of these levels, one must already take first preparations for the next one or two (as the situation may change quickly) and communicate the possible scenarios and their implications to all relevant stakeholders. The goal is to de-escalate the situation and get back to lower levels of criticality. http://www.epjdatascience.com/content/1/1/7
Advance warning signs of crowd disasters
To improve the situational awareness of crowd managers, police and emergency forces, Table  lists a number of successive warning signs of increasingly critical crowd conditions.
Emerging relevance of citizen science and further conclusions
In the subsection above, we have presented science-based suggestions for the avoidance of crowd disasters and an organizational response to critical situations. Deriving these conclusions largely profited from the huge amounts of materials that volunteers have provided, collected, synchronized, and ordered (according to time, locations, content, etc.). This is, where 'citizen science' can play an important role. The documentation we have seen from volunteers appears to be more transparent and complete than the information provided by public institutions, and it is better accessible than news from many public and private media (where we often faced the issue that materials could not be retrieved anymore, at least not under the original links). Also, scientific institutions would not have had enough resources to do all the documentation work that was performed by these volunteers. However, the collected materials are so voluminous that one can hardly see the wood for the trees. Therefore, citizen science can largely benefit from an interaction with academic experts. Specialized knowledge is needed to distinguish more relevant from less relevant factors, to interpret empirical evidence, and distinguish more likely from less likely explanations. Besides providing this knowledge, our work also highlights the general and systemic nature of crowd disasters, and it reveals the instabilities (amplification effects) and cascading effects leading to them.
The systemic nature of many crowd disasters makes their legal handling very difficult, since it is hard to determine the fraction of responsibility that different people and institutions had. However, without a proper response to such systemic failures, people are losing their trust in public institutions, and this undermines their legitimacy.  Crowd disasters are not the only systemic risk, resulting from interactions and institutional settings that are not suitably designed. The financial crisis is another example, , for which nobody seems to be willing to take responsibility. This is mainly, because the individual contributions to it cannot be well quantified. Also human history is full of examples of humanitarian disasters, which happened because nobody felt sufficiently responsible for them. The authors are convinced that the division of responsibility itself is the problem, and that this calls for political and regulatory attention. Scientists could perhaps make a major contribution to the cultural heritage of humanity, if they managed to find new ways to address this fundamental problem []. http://www.epjdatascience.com/content/1/1/7 http://www.epjdatascience.com/content/1/1/7 http://www.epjdatascience.com/content/1/1/7 http://www.epjdatascience.com/content/1/1/7 http://www.epjdatascience.com/content/1/1/7 http://www.epjdatascience.com/content/1/1/7
